This paper presents a computerized method for the selection of an irregular region of interest (ROI) in broadband ultrasound attenuation (BUA) images. A region growing algorithm searches an initial region in the posterior part of the calcaneus until the pixel with the lowest attenuation value is found; this is the starting seed. Then, the algorithm evaluates the values of the eight pixels neighbouring the starting seed. Pixels that have the closest value to the starting seed are accepted. This procedure is the first processing level. The procedure is repeated for the group of pixels neighbouring those accepted from the previous processing level. The algorithm ceases when the number of accepted pixels reaches a user-specified number.
Introduction
Osteoporosis is a complex disease characterized by low bone mass and microarchitectural deterioration of bone tissue. Therefore, there is need for a non-invasive method capable of evaluating both bone density and structural characteristics of bone. The measurement of bone mineral density (BMD) by techniques such as dual energy x-ray absorptiometry (DXA) and quantitative computed tomography (QCT) is not informative on the micro-architecture of bone. To obtain structural information about cancellous bone, several investigators have examined the use of various methods, including fractal analysis of the trabecular bone pattern , 2001 ) and quantitative ultrasound (QUS) (Langton et al 1984 , Rossman et al 1989 , Zagzebski et al 1991 , Strelitzki et al 1996 , Pollintine et al 2000 .
In QUS, an ultrasound wave propagates through an appendicular skeletal site, and the resulting changes in the wave relate to both the density of the bone and its structural properties. The QUS devices that measure broadband ultrasound attenuation (BUA) have adopted the substitution technique. Using two opposing transducers, one transmitter and one receiver, attenuation as a function of frequency is determined by comparing the amplitude spectrum obtained through degassed water with the spectrum obtained through the bone. The calcaneus is the preferred measurement site because it is easily accessible and comprises 95% trabecular bone, which has a higher metabolic turnover rate than cortical bone. Recently, QUS devices have been proposed with parametric imaging capabilities. The ultrasound beam scans both the x-and y-directions until the entire calcaneus is covered. A value of BUA is obtained for each position of the scanned region and parametric images based on those values are then generated. Then, an algorithm recognizes the shape of the bone and automatically selects a circular region of interest (ROI) of minimum attenuation in the posterior part of the calcaneus (Fournier et al 1997 , Damilakis et al 1998 , Laugier et al 2000 . It has been shown that a region of low density and low ultrasound attenuation exists in the middle of the posterior part of the calcaneus (Fernandes Camacho et al 1996) . A significant advantage of the BUA imaging technique is that the image allows the analysis of the same volume of bone in repeated examinations of the patient. However, ROIs that are fixed in shape are not always well adapted to the anatomy of each individual. Circular ROIs may encompass areas outside the low attenuation region of the calcaneus and/or exclude part of this region (figure 1). Therefore, significant errors in BUA estimation might occur since regions with different acoustic properties in comparison with those of the area of low attenuation could be included in the ROI. The objectives of the present study were to (a) develop a region growing algorithm to perform the selection of an irregular ROI in the region with the lowest attenuation in the posterior part of the calcaneus that will encompass only pixels with the lowest BUA values and (b) assess the clinical value of the proposed algorithm.
Materials and methods

Development of the algorithm
2.1.1. Introduction. The algorithm was written in Image Pro BASIC (IPBASIC), the programming component of Image Pro Plus (Media Cybernetics Ltd., Silver Spring, MD). Image Pro Plus is a Windows-based image analysis software package that provides measurement and analysis tools, as well as the ability for advanced image processing. The IPBASIC's statements conform to Visual BASIC (Microsoft Corp., Redmond, WA) syntax and can be used to set variables, evaluate expressions and control the execution of the code. A handful set of functions attributes additional significance to the code, and allows the user to perform advanced image manipulation and complex calculations. IPBASIC provides full support of image processing capabilities not directly available in Visual Studio (Microsoft Corp., Redmond, WA) components. 
Algorithm description.
A region growing method was used to perform the selection of the irregular ROIs in an elliptical region located on BUA images of the calcaneus. In the proposed algorithm, grey-level information, which represents ultrasound attenuation values is taken into account to define an irregularly shaped region. First, an elliptical starting region is located by the user in the great tuberosity of the calcaneus. This region is defined as the largest elliptical surface that can be fitted into the great tuberosity of the bone, limited by the cortices. Detection of irregular ROIs of minimum attenuation was performed on pixels within the elliptical region. The starting seed is provided automatically by a seed finding procedure. The starting elliptical region is searched by the algorithm until the pixel with the lowest grey-scale value is found; this is the starting seed.
Let R n be the region formed after a number of n iterations
where F o is the starting seed, F i the set of pixels added to growing ROI through iteration i. The term iteration is used to describe each processing level of the region growing technique that will determine the irregular set of pixels set by the proposed algorithm. An unallocated pixel p(x, y) borders the region formed R n only if the coordinates x r , y r of at least one pixel p r (x r , y r ) which belongs to R n satisfy the criteria |x r − x| 1 and |y r − y| 1. Let N be the set of unallocated pixels that border the formed region R n where p(x, y) is a pixel with coordinates x, y, p r (x r , y r ) is a pixel with coordinates x r , y r and R n the region formed after n iterations. During the n + 1th iteration, a number of pixels of the set N are selected to form F n+1 . If
where I p is the intensity of a pixel p(x, y) then
The algorithm will cease when the number of accepted pixels reaches a user-specified number.
If the total number of pixels accepted exceeds the maximum number specified by the user, the algorithm will check the proximity of each pixel accepted during the last iteration to the starting seed and include in the region the pixel(s) with the shorter Euclidian distance from the seed. Figure 2 shows the flowchart of the region growing algorithm. Figure 3 demonstrates the sequence of steps of the developed algorithm.
Clinical evaluation
Acquisition of BUA images.
The QUS scans were performed at the calcaneus using an ultrasound system with transmission imaging (Ubis 3000, DMS, France). The device consists of two focused transducers, one acting as transmitter and the other as receiver, submerged into a water bath maintained at 30
• C. An ultrasound beam with a broad frequency band (200-600 kHz) is transmitted through the heel. BUA measurements were carried out using a substitution technique. The amplitude spectrum A b (f ) of the signal transmitted through the bone can be expressed as a function of the reference signal A w (f ) transmitted through water without the foot:
where T (f ) is the combined transmission coefficient associated with the transmission of ultrasound from soft tissue to calcaneus and from calcaneus to soft tissue, µ(f ) is the frequency (f )-dependent attenuation coefficient and l the thickness of the bone. Assuming a linear relationship between attenuation and frequency from 200 to 600 kHz (Langton et al 1984) µ(f ) = I + Sf
where I is the intercept and S is the slope, the latter known as BUA value. The software provided with Ubis 3000 enables the visual representation of BUA values. Eight-bit parametric images were obtained from the calculation of the attenuation value for each measurement site in the scan. The size of each image was 60 × 60 pixels, representing a 6 × 6 cm 2 area (pixel size 1 mm). BUA images were automatically analyzed by the Ubis software to determine the fixed size, circular region of minimum attenuation in the great tuberosity of the calcaneus. Average value of BUA was calculated by averaging the BUA readings of the 165 pixels of the circular ROI. These images were converted into a standard bitmap (uncompressed bmp) format compatible with Windows Operating System using a utility provided by the manufacturer of the ultrasound unit. All converted BUA images had dimensions of 180×180 pixels and an 8-bit depth. Subsequently, using IP plus software package, they were spatially and intensity-calibrated in order to faithfully represent BUA values as extracted from the Ubis device. Spatial calibration scale was redefined so that the pixel size of the converted image was equal to 1/3 of the pixel size of the Ubis image. Intensity calibration scale was established for each BUA image by specifying two points (I U1 , I C1 ) and (I U2 , I C2 ) where I Un is the intensity value of pixel p u (x n , y n ) of the Ubis image, I Cn is the intensity value of the corresponding pixel p c (3x n , 3y n ) of the converted image and n = 1, 2.
Selection of ROI size.
To choose the most appropriate ROI size, the algorithm was applied 14 times to each image by the same operator. The first time the user defined the size of the final irregular ROI to be 1000 pixels. The contour found was stored and the whole procedure was repeated with the size of the next ROI increased by 200 pixels. This procedure was repeated until a series of 14 irregular ROIs for each BUA image was created with sizes from 1000 to 3600 pixels.
Intra-and inter-observer reproducibility.
To estimate the effect of the location of the elliptical starting region on BUA results, the same operator repeated the same procedure for the ROI with the size of 2400 pixels (ROI 2400 ) four more times using ten BUA images selected randomly from the complete BUA data set of the 50 patients. That ROI was chosen based on the results of the present study. Therefore, five BUA values were obtained for the ROI 2400 of each image. There was an at least 2 weeks delay between the studies. Intraobserver coefficient of variation (CV) values were obtained from the consecutive BUA measurements. To evaluate interobserver variation, four operators were asked to independently repeat the procedure once on the BUA images of the ten patients.
Subjects.
In order to assess the region growing algorithm, 50 postmenopausal female subjects were recruited at our institution. They were divided into two separate groups. Group I consisted of 24 osteoporotic women, mean age 66.3 ± 8.7 years with hip fractures. All patients of this group had completely recovered and were able to walk without walkers. Group II consisted of 26 age-matched healthy Caucasian women (mean age 66.1 ± 8.7 years). All subjects of this group were free of bone disease and were not taking drugs known to affect bone metabolism. Informed consent was obtained from all subjects. BMD of the proximal femur was measured in all of the subjects using DXA (Hologic QDR-1000 Plus, Waltham, MA).
Data analysis.
Data are presented as means ± SD. The significance of differences between groups was examined with a Student's t-test. Linear regression analysis was performed to examine the correlations between BUA and BMD measurements as well as the age of the patients without fractures. The areas under the receiver operating characteristic (ROC) curves were used for BUA and BMD to estimate their power for the prediction of hip fractures. The ROC analysis was accomplished using the MedCalc (MedCalc software, Belgium) software package. Figure 4 illustrates typical results obtained using the region growing algorithm developed in the present study. Table 1 shows the results for BUA and BMD for women with hip fractures and age-matched controls. Compared to results taken from other ROIs, BUA measured at ROI 2400 showed more significant differences. Table 1 also shows the areas under the ROC curves for BUA measurements at the 14 ROIs resulting from the algorithm developed in the present study, the BUA measurements at the automatic ROI and the BMD measurements. The discriminating power of the ROI 2400 was higher than that of the other ROIs. Figure 5 shows the ROC curve comparing the sensitivity and specificity for BUA measured at ROI with size 2400 pixels to distinguish between healthy subjects and those with osteoporotic fractures. The area under the ROC curve for BUA measurements at the circular ROI was lower than that of any irregular ROI and of BMD. Differences between BUA and BMD areas were not statistically significant. Table 2 shows the correlation coefficients for the relationships between BUA and total hip BMD as well as age. BUA measured at ROIs with size 2400-2800 pixels showed higher correlation with BMD in comparison with BUA measured at other ROIs. BUA estimated at ROI of 2600 pixels showed higher correlation with age compared to other ROIs (r = 0.65). BUA measurements obtained at ROI 2400 gave slightly lower correlation with age (r = 0.64). All values of correlation coefficients were statistically significant (table 2) .
Results
The mean processing time required to obtain the ROI of 2400 pixels was 109 s on a PC with Athlon 1.2 GHz processor (range 97-122 s). The intra-and interobserver variation was 0.48% and 0.61%, respectively. 
Discussion
BUA imaging devices generate images of the calcaneus, allowing estimation of BUA values in an automatic circular ROI located in the area of minimum attenuation which exists in the middle of the posterior part of the calcaneus. In our experience, the shape of this area depends on the anatomy of each individual, and is not regular. In this study, a region growing algorithm was developed in order to compute the average BUA value of irregular ROIs of minimum attenuation located in the great tuberosity of the calcaneus. Variations of the region growing method have been used in the field of medical image processing by a number of research groups (Mendez et al 1998 , Zhao et al 1999 , Petrick et al 1999 . The region growing algorithm developed in this study has been designed to be practical. In the beginning, the user is prompted to select an elliptical area from which the algorithm automatically determines the seed. Then, the operator starts the procedure by typing the number of pixels of the final irregular ROI. The growth of the ROI is performed on pixels within the initial elliptical region. This is a necessary condition to avoid leakage towards areas outside calcaneus because of the absence of edge signals in some boundary regions. Although the algorithm was implemented in a reasonable amount of time in all images, we should emphasize that our primary objective was to investigate the clinical utility of the method rather than optimize the system in order to increase the speed. The current study also showed that the intra-and interobserver variation was very low. This may be attributed to the reduced operator interaction required for efficient implementation of the region growing algorithm. Several studies have indicated that hip fractures can be better predicted from BMD measurements obtained at the same location instead of the extremity (Cummings et al 1995 , Majumdar et al 2000 . The results of the present study are consistent with these results. The discrimination of the osteoporotic fracture by hip BMD was better than that of BUA, although the differences under the ROC curves in the small sample size of this study are not statistically significant. It was also found that measurements at ROI 2400 perform better when differentiating patients with fractures than those at the other irregular ROIs. It was also shown that BUA measurements at irregular ROIs of 1000-3600 pixels performed better than those at automatic circular ROI in terms of differentiating diseased population from healthy subjects. This result shows the significant advantages of the region growing algorithm compared to the algorithm of the automatic circular ROI.
Several authors have examined the relationship of BUA data of the calcaneus with densitometric data obtained at the hip (Faulkner et al 1994 , Njeh et al 1997 . Correlation coefficients have ranged from 0.32 to 0.68. The results observed in these studies depend on the population studied, on the study design and also on the ultrasound device used. In the present study, BUA measurements were more highly correlated with hip BMD at ROIs with size 2400-2800 pixels than any other irregular ROI or the automatic circular ROI. This is probably due to the heterogeneity of the acoustic properties of the calcaneus. The BUA value measured in a circular ROI is an index of the ultrasound attenuation characteristics of the entire calcaneus rather than the attenuation value of a homogeneous area of the bone. It is important to point out that QUS has little value for the estimation of BMD measured at sites other than the calcaneus. Moreover, not all fractures of the hip are associated with low bone density. Current research suggests that BUA may have the potential to estimate fracture risk based on ultrasound measurements alone.
It is known that BUA is correlated with age. In an ultrasound attenuation imaging system, correlation coefficients between BUA in three manually selected ROIs and age ranged from 0.40 to 0.47 (Roux et al 1996) . The automatic circular ROI of our device gave a correlation coefficient r = 0.52. BUA estimated at ROI with size 2600 pixels showed higher correlation with age compared to other ROIs (r = 0.65). The closest correlation coefficient was that found using BUA data obtained at ROI 2400 (r = 0.64). This finding indicates that the region of lowest attenuation of the calcaneus might be more sensitive to changes in bone status during the natural course of bone loss with age compared with adjacent areas encompassed in the circular ROI.
The clinical results of this study indicate that BUA measurements obtained using irregular ROIs were better than those obtained using a circular automatic ROI placed in the greater tuberosity of the calcaneus. The BUA values for the irregular ROI with size of 2400 yielded better results in comparison with the other irregular ROIs. This may be attributed to the size of the area of minimum attenuation located in the posterior part of the calcaneus. ROIs with size up to 2200 pixels may exclude parts of the minimum attenuation area. On the other hand, large ROIs with size of 2600 pixels or more may include areas outside of this region. It is reasonable to assume that ROI 2400 is the largest irregular ROI that contains uniformly distributed minimum attenuation data. However, a clinical study with a large sample size is needed to confirm that the above ROI size is the most suitable for routine clinical use.
There are many prospects offered by the present work. Since the calcaneus has a heterogeneous structure, BUA results depend on the measurement position. There is evidence that different parts of the calcaneus exhibit different rates of mineral loss (Vogel et al 1988) . Further prospective studies are encouraged to compare the sensitivity of irregular ROIs with that of circular ROI to changes in bone status during treatment. This method could also be applied to the BUA measurement of other areas of the calcaneus with minimal values of attenuation.
Conclusion
A region growing algorithm was developed for detection of the minimum attenuation area which is located in the middle of the posterior part of the calcaneus. The algorithm generates an irregular ROI with size adjustable by the operator. BUA measurements obtained from ROI 2400 yielded better clinical results compared to (a) 13 irregular ROIs of different sizes and (b) circular automatic ROI. Clinical evaluation shows that the method developed in this study appears to be a promising tool in the assessment of bone status.
